This study presents robust evidence on the relationship between teacher pay and turnover using detailed panel data from Texas. While controlling for changes in district and local labor market characteristics, I estimate an overall turnover elasticity of −1.4 and show that the effect is largest for inexperienced teachers, declines with experience, and disappears around 19 years of experience. Combining these results with what we know about the relationship between teacher value-added and experience, I show that paying teachers more improves student achievement through higher retention rates. The results also suggest that adopting a flat salary schedule may be a cheap way to improve student performance. I find no evidence that pay effects vary by the teacher's gender or subject taught.
Introduction
Important questions that continually confront education policy makers are how much should we pay teachers and how should we shape the teacher salary schedule. Conventional wisdom suggests that paying teachers more will likely improve student outcomes by attracting and retaining better teachers or by influencing current teachers' effort choices. While the potential for a relationship between teacher pay and student achievement exists, current research fails to make a strong connection. The focus of this research is to provide evidence on this relationship so that policy makers can make better decisions regarding the level of teacher pay and the shape of the pay schedule.
Prior studies of the relationship between teacher pay and student outcomes often show null or even negative effects (Hanushek, 1997 (Hanushek, , 2003 . For example, in surveys of the literature prior to 1995, Hanushek (2003 Hanushek ( ,1997 reports that of 119 estimates of the relationship between teacher pay and student performance only 20% are positive and statistically significant, while 7% are negative and 73% are insignificant. A more recent study by Loeb & Page (2000) might provide the best evidence of a relationship between student performance, as measured by dropout rates and college enrollment, and teacher pay. However, even their estimates are likely biased since they cannot control for all time-varying district or state characteristics that may be correlated with changes in teacher pay.
A major reason for a lack of strong evidence in this area stems from the fact that estimating the direct causal link between district salary schedules and student achievement is challenging. First, one must control for changes in district characteristics that may be correlated with changes in student achievement and changes in the salary schedule. This is difficult even when one has access to panel data, since many time-varying district characteristics are unobserved, such as parental support and comprehensive measures of student quality. Second, a change in teacher pay today is likely to influence student outcomes in current and future periods. For example, raising teacher pay may have an immediate impact on the quality of the school, but it is not clear whether that effect will show immediately in student outcomes or if the effect will appear 10 years into the future, as Loeb & Page (2000) model it. If the positive effects of pay increases do not reveal themselves until several years into the future, the task of adequately controlling for changes in district-level characteristics in the periods between a pay increase and the time that the pay increase manifests itself becomes even more difficult.
To avoid the difficulties inherent in making a direct link between teacher pay and student achievement, this study adopts an alternative approach. I link teacher pay to teacher experience, which is known to be related to student achievement. Several studies show that experienced teachers are more productive in terms of raising student achievement in a given school year (Harris and Sass 2011; Papay and Kraft, To make a connection between teacher pay and experience, I focus on how pay can be used to retain more teachers which can increase average teacher experience over time. To do so, I estimate the relationship between teacher pay and teacher turnover using a large panel data set from Texas. I find that increasing teacher pay is effective in retaining teachers who would have otherwise been replaced by relatively inexperienced teachers. The implication is that increasing teacher pay raises average teacher experience in a district.
This study is not the first to investigate the relationship between teacher pay and turnover; however, no prior study makes a clean causal connection between base pay increases and teacher turnover rates. Most prior studies in this area are likely biased because they do not control for time-varying or fixed district characteristics and labor market conditions that could be correlated with teacher pay von der Klaauw, 1995, 1999; Murnane et al., 1989; Murnane et al., 1990; Hanushek et al., 2004; Imazeki, 2005; Rickman and Parker, 1990; Clotfelter et al., 2011; Podgursky et al., 2004) . One important empirical result presented here suggests that models that do not control for all time-varying characteristics produce overestimates of the effect of teacher pay on turnover. This may occur because improvements in district working conditions tend to coincide with increases in teacher pay. Clotfelter et al. (2008) employ a more rigorous empirical design, which controls for time-varying school, district, and labor market characteristics. However, they estimate the effect of a bonus pay program that rewards teachers for working in low-income schools. It is not clear that the results of their study are the same as we would expect to observe for a change in base salaries in a typical school district.
Overall, the current evidence of a relationship between teacher pay and turnover is too weak to inform policy regarding changes in the salary schedule. To better inform policy, we need a study that provides more robust and detailed estimates of the base pay effect. In particular, given what we know about the relationship between student performance and teacher experience, if we uncover how pay effects vary with teacher experience, we can better understand how changes in teacher pay may be related to student performance.
This study contributes to the literature by providing the most robust and detailed estimates to date regarding the relationship between teacher pay and turnover. A large and detailed panel dataset allows this work to overcome many of the difficulties encountered by previous researchers. With this data I am able to estimate teacher pay effects while flexibly controlling for changes in district characteristics and changes in local labor markets.
I find strong evidence of a negative causal relationship between teacher pay and turnover. My estimates suggest that a 1% increase in teacher pay reduces teacher turnover by 0.16 percentage points. In terms of elasticity, this suggests that a 1% increase in teacher pay reduces the turnover rate by 1.4%. Further, this pay elasticity is largest (in absolute value) for less experienced teachers and begins to decrease rapidly after around 7-8 years of experience. The effect disappears for teachers with around 19 or more years of experience. I find no evidence that pay effects vary by the teacher's subject taught or gender.
Combining these results with our knowledge of the teacher experience-productivity profile, I show that increasing teacher pay improves student performance by retaining more teachers, which increases the average experience of teachers in the district. I also show that districts may improve student performance by adopting a flat salary schedule, but this result depends on strong assumptions about teacher selection and effort that have not been tested. In terms of size, I show small effects of paying higher teacher salaries, but I argue that these estimates are likely lower bounds on the pay effect since I focus on only the retention effects of a pay increase. Increasing teacher pay is also likely to improve student performance through mechanisms not considered in this study.
This work is organized as follows: Section 2 motivates the empirical model with a discussion of the theoretical links between teacher pay, turnover, and education quality; Section 3 describes the data; Section 4 presents the regression model and results; section 5 discusses implications of the results for district policy and student achievement; Section 6 concludes.
Conceptual framework
Increasing teacher pay is likely to affect education quality through turnover reduction (or retention), which is the focus of this study. We know that there is a dynamic component of teacher quality in that, on average, teachers improve with experience (Harris and Sass 2011; Papay and Kraft, 2011; Rockoff, 2004) . Thus, retaining more teachers will help schools reap the benefit of teachers learning on the job. In addition to this retention effect, increasing teacher pay is likely to improve education quality by influencing teacher effort or by differentially attracting and retaining teachers from the high end of the fixed ability distribution.
With regard to effort, efficiency wage theory suggests that increases in teacher salaries can provide an incentive for teachers to exert more effort by increasing morale or increasing the penalty associated with effort-related job termination (Shapiro and Stiglitz, 1984; Akerlof, 1982) . Pay induced increases in teacher effort could presumably lead to a number of changes in teacher behavior that are conducive to student learning, including: spending more time on lecture preparation, providing more and better student feedback, spending more time with students outside of class, or taking a more active role in mentoring students.
With regard to differential selection and retention, raising teacher pay at the district level could attract a larger pool of teacher candidates that are inherently better at teaching (high ability). This is likely to occur when high quality teachers tend to have higher earnings potential in other occupations or in other teaching jobs outside of the district. Under this condition, raising teacher pay in the district could make a teaching position in the district attractive enough to lure high ability teachers away from their high paying outside opportunities. Even if the school district is not able to identify ability in the hiring process, a random hire from the distribution of applicants after a pay raise is likely to be of higher quality than a random draw from previous distributions. The theoretical mechanism is similar for differential retention. Higher pay has the potential to retain more of the most able teachers if those teachers are more responsive to salary or if they have higher attrition rates.
This study focuses on the link from teacher pay to student achievement through its potential to retain a more experienced and productive teaching staff. The point of discussing alternative pathways is to highlight the possibility that increases in teacher pay may improve student achievement through mechanisms that are unrelated to teacher experience. Therefore, it is important to bear in mind that the teacher pay effects derived in this study are likely lower bounds on the overall impact of raising teacher pay on student achievement.
The Burdett (1978) on-the-job search model motivates this work's empirical specification of the relationship between teacher pay and turnover. In the on-the-job search model, the worker's turnover behavior is a consequence of two decisions. First, workers choose whether to search for an alternative occupation given their current wage and some knowledge of the distribution of outside job opportunities. In this phase, workers choose among three options: search for alternative employment while continuing the current occupation, quit the current occupation and search while unemployed, and do not search.
Here, the optimal strategy involves dual reservation wages which depend on the wage distribution of outside opportunities (local labor market conditions) and search costs (effort and monetary costs) (Burdett, 1978) . The dual reservation wages create three decision regions. If the worker's current wage is higher than the highest reservation wage, then the optimal strategy is to forgo a search. If the worker's current wage is between the two reservation wages then the optimal strategy is to search while remaining employed. Finally, if the workers wage is lower than the lowest reservation wage, then the optimal strategy is to quit (turnover) and search while unemployed.
The intuition behind this result is simple. If your current occupation pays a high wage, then it is not optimal to engage in costly search activity as it is unlikely to result in a job offer that is more attractive than your current position. If your current job is comparable to the middle or lower end of the distribution of outside opportunities, then a search strategy is optimal as it could result in a more attractive offer. In this case, one must decide to conduct the search while remaining employed or while unemployed. The typical assumption is that conducting a search while employed is more costly (in terms of effort or direct costs) than a search undertaken while unemployed. However, if one decides to terminate employment and search while unemployed, one incurs the additional cost of lost wages. The optimal search strategy is then to search while unemployed if current wages are low, since the benefit of reduced search cost exceeds the cost of forgone wages. For higher wage earners it is better to maintain employment while searching as the cost of foregone wages exceeds the benefit of lower search costs.
The second part of turnover behavior involves the decision to accept or reject an outside wage offer, given the initial decision to search. In this phase, the worker accepts an outside job offer if it exceeds his or her expected wage next period in the current state (next period wages in the incumbent employer or unemployment benefits). The worker then repeats the same decision process next period.
Applying the on-the-job search model to teachers suggests that teacher turnover is related to current and (expected) future pay and working conditions and local labor market characteristics. Current teacher pay influences turnover decisions directly if it is so low that some teachers decide to quit and conduct a search while unemployed. Increasing current pay may also reduce turnover indirectly by decreasing the proportion of teachers choosing to conduct an on-the-job search. Alternatively, current pay may influence the teacher's effort devoted to the search in that lower pay serves as motivation for a more intensive search. Also, depending on the timing of information, teachers may initially make their search decision based on current pay and update that decision as they receive more information to project their actual teaching salary next period. In any case, increasing current teacher salaries is likely to reduce teacher turnover.
Future teacher pay enters the model when teachers who are conducting a search must decide whether or not to accept an outside offer. The reservation wage increases with the teacher's salary next period or, depending on the timing of an offer, the expected value of future wages. It is not clear whether teachers conducting a search typically receive offers before or after they have knowledge of their future pay in the current teaching position. Therefore, offers may be accepted or rejected based on actual future pay or an expectation formed by the teacher given information at the time of the offer. Whether or not teachers know their future pay or form an expectation, future pay measures are likely to be negatively related to turnover.
Local labor market conditions enter the model by influencing the teachers' knowledge of the distribution of outside offers. As local labor markets thrive, teachers are more inclined to conduct a search (holding teacher pay and working conditions constant). Similarly, as outside school districts increase their salary schedules or improve their working conditions, teachers in the incumbent district are likely to attempt to transfer.
Overall, the model suggests that holding district characteristics and outside opportunities constant, increases in current and future teacher pay will reduce teacher turnover rates. Better pay and working conditions in outside opportunities, including other school districts, likely increases teacher turnover. Translating these results to an empirical model is straightforward in the case of teacher pay, since it is observable in the data. However, measures of expected future pay are not. To measure expected future pay in the empirics, I use future pay on the current salary schedule and measures of actual future pay given that the teacher remains in the school district, since this is likely the information teachers use to form their expectation.
I control for district characteristics and outside opportunities using a large number of fixed-effects. District-by-year fixed-effects account for district level changes in student quality, parental support, and outside opportunities. I also include district-by-experience fixed-effects, which control for (time invariant) personnel practices within the district that vary by experience, such as assigning less experienced teachers to lower performing schools or undesirable classrooms. Finally, I include experience-by-year fixed-effects, which control for statewide changes in outside opportunities for teachers with a given experience level. Implicit in these fixed-effects are controls for average differences in turnover rates by year, district, and experience. In addition to fixedeffects, I control for a teacher's outside opportunities in other school districts with teacher pay measures from surrounding school districts.
The model also suggests that prior teacher pay does not influence turnover decisions. Given this result, I use these irrelevant pay measures as proxies (or placebos) to test for the presence of unobservables that may cause bias in the teacher pay estimates.
Data
This study employs administrative data from the Texas Education Agency (TEA) which cover the years 1996-2012. The data is a teacherlevel longitudinal file containing over 5 million teacher-by-year observations that identify teacher experience, degree, full-time equivalence (FTE), base pay, district affiliation, subject taught, and gender.
From this data, I construct teacher turnover rates for teachers with a bachelor's degree that vary by district, year, and experience. To create this turnover measure, I adopt the following definition of the turnover rate for teachers with experience e in district j during year t (turnover jte ): turnover jte is the percent of full-time equivalent teachers employed by district j in year t with experience e that are no longer employed by district j in year (t + 1). This turnover definition does not distinguish between different types of turnover, such as teachers leaving the district for a different district or leaving the profession completely or temporarily taking a leave of absence. This definition of turnover simply measures the percentage of teachers who leave a district for any reason.
Naturally, this definition of turnover does not allow one to observe turnover rates in 2012, so the sample used in the analysis is restricted to years 1996-2011. Also, in order to observe a turnover rate in a district-by-year-by-experience cell, there must be at least one teacher observation within the cell. I restrict the analysis to districts that have at least one full-time teacher in each of the 336 year-by-experience cells defined by the years 1996-2011 (16 years) and experience levels 0-20 (21 experience levels). There are 165 districts in the sample that employ at least one full-time teacher in each of these 336 experienceby-year cells, and therefore satisfy this restriction. The sample that I analyze thus contains 55,440 district-by-year-by-experience observations of turnover rates.
Using the individual teacher pay data, I also reconstruct each district's salary schedule for teachers holding a bachelor's degree over the years 1996-2011. To do so, I collapse teacher base salary to 55,440 district-by-year-by-experience observations of the median base salary of full-time teachers employed within the cell. Table 1 gives an overview of the data by providing within experience averages of turnover rates, base pay, and the number of full-time equivalent teachers across the 165 districts and 16 years. The table reiterates some well documented characteristics of the teacher labor force. First, turnover rates are highest among less experienced teachers and 1 In some districts there is variation in base teacher pay within a district-yearexperience cell. However variation within a cell is small. Most within cell standard deviations are less than $1000. This variation is likely a result of additional base pay awarded to teachers with additional college credits, teachers with coaching responsibilities, or teachers with other additional duties.
progressively decline until about 18 years of experience. After 18 years of experience, the turnover rates begin to increase, which is likely a result of retirement decisions. Second, teacher salary increases with each year of experience gained. This is a well-known characteristic of the single salary pay schedule employed by nearly all public school districts. Finally, the distribution of teacher experience is skewed toward lower experience levels (positively skewed). The average district in the sample employs about 770 teachers with a bachelor's degree and between 0 and 20 years of experience (column 3, last row). Of these 770 teachers, about 70% have fewer than 10 years of experience. The average teacher in the sample has 7.1 years of experience, has a 14% probability of leaving the district next year, and earns a base salary of about $36,500 (bold numbers in the last row).
Figs. 1 and 2 show part of the salary schedules (experience = 0, 5, 10, and 20) for the two largest school districts in the sample, Houston and Dallas, and the two smallest districts in the sample, Llano and Brownsboro. The graphs give a sense of the within-district variation in pay schedules for the 165 districts in the sample. Each of the graphs illustrates the type of base pay variation that I use to identify the effect of teacher pay on turnover. In the empirical analysis I exploit differential variation in teacher pay within a district and across experience cells. For example between 1996 and 1997, Dallas Independent School District (ISD) increased the base pay it awards to teachers with 5 years of experience. Over the same period, Dallas ISD decreased pay for teachers with 10 and 20 years of experience and held starting pay constant. Differences in experience-specific base pay changes like this are evident in nearly every time period and district shown in Figs. 1 and 2.
I exploit this variation to identify the effect of base pay on turnover in a difference-in-difference-in-difference-in-difference (4-diff) regression framework. For example, if base pay has a negative causal effect on turnover then one would expect that since Dallas ISD increased pay for teachers with 5 years of experience and at the same time it reduced pay for teachers with 10 years of experience, then the turnover rate for teachers with 5 years of experience in Dallas ISD should decrease over this period relative to the turnover rate for teachers with 10 years of experience. That alone is a difference-in-difference (diff-in-diff) design since it compares the difference in turnover rates across experience groups before and after a relative pay change. My identification strategy compares this diff-in-diff to the same diff-in-diff in other districts that did not impose the same relative change in teacher pay, hence the 4-diff design.
In this context, the diff-in-diff estimator is a powerful tool with which one can estimate the effect of teacher pay on turnover because it is not subject to bias from time-varying district-specific factors (district-by-year effects) nor is it subject to bias from factors that are experience specific and do not vary over time (district-by-experience effects). The major advantage of the 4-diff design over the diff-in-diff [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] . The table reports mean turnover rates, base pay, and number of teachers across districts and years and by experience level. The sample is restricted to teachers who hold a bachelor's degree. Column 3 reports the average number of full-time equivalent teachers (FTE).
The bold numbers at the bottom of the table report weighted averages of experience, turnover rates, and base pay, with the number of full-time teachers in an experience cell (column 3) used as weights. The bold number at the bottom of column 3 reports the sum of the number of teachers across experience cells.
design, however, is that the 4-diff design, in addition to being robust to these factors, is robust to experience-specific and time-varying factors that are common across districts (experience-by-year effects). For example, if a state were to change its teacher tenure policy from 3 years to 4 years of service required for eligibility, this change would likely bias a diff-in-diff estimator, while the 4-diff design would remain robust. Fig. 3 operationalizes this 4-diff design for changes over the years 1996-1997 and for experience levels 4 and 1. The diff-in-diff in turnover rates for teachers with 4 years of experience and 1 year of experience is reported on the vertical axis. On the horizontal axis is the diff-in-diff in base pay for teachers with 4 years and 1 year of experience. The points on the graph correspond to these values for the 165 districts in the sample. Before examining the results, first note that there is substantial variation across districts in terms of their relative changes in base pay across experience groups between 1996 and 1997. Some districts increased pay for teachers with 4 years of experience relative to newer teachers by as much as $1000. Most districts seem to have made their salary schedules flatter during this period by increasing pay for teachers with 1 year of experience relative to teachers with 4 years of experience. One district closed the gap by more than $2000.
The regression line in Fig. 3 , the slope of which is a 4-diff estimator, provides this study's first evidence of a negative causal relationship between base pay and teacher turnover. The negative slope, which is significant at the 5% level, suggests that when districts increase pay for one experience group relative to another, the result is a decrease in that group's relative turnover rate. Of course, this evidence comes from only 2 years and 2 experience groups. In the formal analysis that follows, I employ a more comprehensive regression-based 4-diff method that uses all 16 years and 21 experience groups and incorporates additional controls.
Regression specification and estimates
The model I intend to estimate is the following:
The dependent variable (T jte ) represents a district j by year t by experience e turnover rate. The vector x jte represents observed covariates that vary by district and year and experience level, including current and future district base salary, and current and future base teacher salary in other surrounding districts. In some specifications, I include prior base salaries to test for potential bias in the teacher pay estimates. I discuss the specifics of this test below.
The parameters θ jt , α et , and γ je are, respectively, district-by-year, experience-by-year, and district-by-experience fixed-effects. The district-by-year effect accounts for time-varying district characteristics that have a common effect across all experience levels, such as changes in average student quality or changes in the local labor market that affect teachers of all experience levels. The experience-by-year effect accounts for time varying and experience-specific factors that are common across all districts, such as changes in state tenure laws or changes in state-level labor market opportunities available to less experienced teachers. The district-by-experience effect captures experiencespecific factors that vary across districts but are fixed over time. These include fixed-differences across districts in terms of personnel policies and local labor market opportunities. The error term (ε jte ) contains unobserved factors that vary by district, year, and experience. I estimate the parameter vector β by ordinary least squares (OLS). All standard errors are clustered at the district level, which produces larger estimates of the variance of the OLS estimators relative to clustering by experience.
The teacher pay coefficients in β are assumed to represent linear approximations of the causal effect of teacher pay on teacher turnover. OLS estimation of Eq. 1 provides a consistent estimator for this effect assuming that unobservables that vary by district, year, and experience are not correlated with teacher pay. That is, the teacher pay estimators in Eq. 1 are only subject to bias if there are unobserved changes at the district level that are experience-specific and those changes are correlated with within-district experience-specific changes in teacher pay. As an example, this type of correlation would arise if school districts adopt a policy of assigning less experienced teachers to less desirable classrooms and at the same time those districts reduce pay for less experienced teachers.
The strategy used to identify teacher pay effects in this study, as specified in Eq. 1, can be interpreted as a 4-diff estimator. It is a 4-diff estimator because the pay effect is identified by comparing two diffin-diff estimates. The first diff-in-diff is the change in turnover rates for two experience groups in a district that imposed experiencespecific and differential changes to its pay schedule (diff-in-diff) . This diff-in-diff is compared to the same diff-in-diff in another district that did not impose the same experience-specific and differential changes to its pay schedule. The simplest example of this strategy is the comparison of changes in turnover rates for novice and veteran teachers in a district that only increased pay for veteran teachers to the same changes in turnover rates in another district that did not change its pay schedule.
I begin the analysis by presenting baseline estimates of Eq. 1 (my preferred specification) and results from alternative specifications. Later, I test for any remaining sources of bias using a placebo (or proxy) test. Finally, I explore whether the marginal effect of teacher pay on turnover varies by the teacher's experience, subject taught, or gender.
The baseline results suggest that a 1% increase in a teacher's current pay (basepay jte ) and the teacher's future pay in the current contract (basepay jt,e + 1 ) would reduce teacher turnover by 0.16 percentage points (Table 2, column 5). A 1% increase in the teacher's current salary, while holding future salary fixed, is associated with 0.1 percentage point reduction in teacher turnover, while the same effect for future salary is cut to 0.06 percentage points (Table 2 , column 5). The baseline estimates also suggest that teacher pay in the nearest other district in the sample 2 (basepay ote ) does not have a statistically significant effect on turnover.
Aside from the baseline results in column 5, Table 2 shows how the estimates vary with specifications that include fewer fixed-effects (columns 1-4). These results suggest that models that fail to control for time-varying local labor market and district characteristics will likely overestimate the effect of teacher pay. In particular, if one compares the traditional fixed-effects model in column 1 to a more robust specification in column 4, which controls for time varying district and local labor market characteristics through district-by-year fixed-effects, one can see that the combined teacher pay effects decrease from 0.24 percentage points to 0.22.
Controlling for experience-by-year fixed-effects, which may account for differences across time in experience specific labor market conditions across the state or changes in state policies, also appears to be important. If one compares the results in column 1 to column 2, one can see that adding experience-by-year fixed-effects again reduces the teacher pay effect estimates.
The addition of district-by-experience fixed-effects, which controls for time-invariant labor market conditions or time-invariant district personnel policies appear to be less important if one is concerned about overestimating teacher pay effects. After controlling for experience-by-district fixed-effects (comparing column 1 to column 3), the combined teacher pay effects increase. Overall, if one accepts the baseline results in column 5 as the true teacher pay effects, then these results suggest that a typical fixed-effects model, Table 2 Turnover and teacher pay, baseline estimates. Teacher turnover rate for teachers with a bachelor's degree and experience e in district j during year t is the dependent variable. basepay jte is the natural log of teacher contract salary in district j for a teacher with a bachelor's degree and e years of experience in year t,basepay jt,e + 1 is the natural log of teacher contract salary in district j for a teacher with a bachelor's degree and e + 1 years of experience in year t, basepay ote is the natural log of teacher contract salary in the district nearest to district j for a teacher with a bachelor's degree and e years of experience in year t. All models include 52,800 district-by-year experience observations: 165 districts, 16 years (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) , and 20 experience levels (0-19). The combined effect is the sum of the coefficients on basepay jte and basepay jt,e + 1 .
2 Distance between district j and the nearest outside district in the sample was calculated using latitude and longitude coordinates for each district. Latitude and longitude coordinates are available in the Common Core of Data maintained by the National Center for Education Statistics. Each of the 165 districts in the sample has a neighboring district in the sample that is within 82 miles. The average distance between a district and its nearest neighbor in the sample is 14 miles (standard deviation is 14.5 miles). Teacher turnover rate for teachers with a bachelor's degree and experience e in district j during year t is the dependent variable. basepay jte is the natural log of teacher contract salary in district j for a teacher with a bachelor's degree and e years of experience in year t. basepay ote is the natural log of teacher contract salary in the district nearest to district j for a teacher with a bachelor's degree and e years of experience in year t. The combined effect is the sum of the coefficients on basepay jte and basepay jt,e + 1 . All models include district-by-year FEs, experience-by-year FEs, and experience-by-district FEs. Estimates in columns 2-4 are estimated on samples of districts that meet the indicated minimum number of teachers employed within a district-yearexperience cell. The results in column 5 are from a restricted sample that includes only the sample years prior to Texas' statewide performance pay initiatives: 1996-2006. such as that in column 1, is biased and produces overestimates of the teacher pay effect by nearly 50%. An alternative explanation of the decreased effect size after introducing district-by-year, experience-by-year, and district-by-experience fixed effects involves differential impacts of measurement error. It is well known that measurement error in an explanatory variable tends to bias regression coefficients toward zero. In this case, noise in the district salary schedule measures (median pay within a district-yearexperience cell) likely biases all of the models in Table 2 toward zero. In addition, it is a widely held view that including more fixed effects in a regression model exacerbates this attenuation bias (Griliches and Hausman, 1986) . Given this result, differential attenuation bias offers a potential alternative explanation for the decrease in pay effects in column 5 relative to column 1.
An obvious way to test this explanation is to reduce or eliminate measurement error in the teacher pay variables and reestimate the baseline models. If measurement error explains the difference in estimates in columns 5 and 1, then as measurement error in teacher pay is reduced we should observe two trends: both model estimates should move away from zero (become negative numbers with larger absolute values) and the estimates from the two models should converge.
The estimates in Appendix A Table 8 provide a practical application of this test. The table reports the results of the models in columns 5 and 1 with successive restrictions on the sample used in the estimation. Row 1 redisplays the baseline combined effects from Table 2 columns 1 and 5. Each successive row adds a restriction on the minimum number of teachers employed by a district within an experience-year cell. For example, in row 2 the sample is restricted to the 60 school districts that employed at least 5 teachers in each experience-year cell over the period 1996-2011. In row 3, the sample is restricted to the 40 districts that employed at least 10 teachers in each experience-year cell. The benefit of these restrictions is that they likely successively reduce error in measures of the teacher pay schedule.
Visual evidence of this is present in Figs. 1 and 2 . Notice that the larger district salary schedules show relatively smooth transitions over time when compared to the smaller districts in the sample, which tend to oscillate around a trend. This oscillation is likely noise in the teacher pay measures, and this error appears to decrease as the sample is restricted to larger districts.
The results in Appendix A Table 8 provide no support for the measurement error explanation of the gap between the estimates in columns 1 and 5 of Table 2 . As measurement error is reduced (looking down rows 1 and 2 of Appendix A Table 8 ) the combined effect estimates neither move away from zero nor converge. If anything, the results suggest the opposite trends. This evidence lends support for the initial interpretation of the gap. The addition of district-by-year, experience-by-year, and district-by-experience fixed-effects control for important unobservables that would otherwise bias traditional fixed-effects estimates by at least 50%. Table 3 presents results from alternative specifications and restrictions on the sample used in the analysis. In columns 1-4, I add the teacher's actual pay next period if she remains in the district (basepay j,t + 1,e + 1 ) and future pay in the outside district (basepay o,t +1,e + 1 ) to the baseline model. Theoretically, this is an important addition to the empirical model because in a world of perfect information one would expect teachers to base their turnover decisions entirely on next period salaries. In this case, cells on the current salary schedule (base pay at time t) would not enter the turnover decision. Each of the forward pay measures is intended to better measure the information with which teachers form their expectation of future teacher pay and make turnover decisions.
The estimates in column 1 are produced using the full sample of 165 districts. The estimates in columns 2-4 impose progressively stronger restrictions on the sample of districts used in the estimation. For example, in column 2, the sample is restricted to the 87 districts that employ at least 3 teachers in each experience-year cell. In column 3, the sample is restricted to the 60 districts that employ at least 5 teachers in each experience-year cell.
The results in columns 1-4 of Table 3 suggest that the baseline model is not sensitive to the addition of future salary measures in the current or outside districts. In column 1 the future pay measures are statistically significant and have an unexpected sign. However, when the sample is restricted to larger districts, which reduces noise in the base pay measures, the future pay measures become statistically indistinguishable from zero. This suggests that the statistical significance of the future pay measures in the full-sample may not be a real effect but perhaps instability caused by collinearity. While the future pay measures are not significant in these alternative samples, the pay measures used in the baseline model are stable and statistically significant across sample restrictions.
These results are consistent with an environment in which teachers make turnover decisions with imperfect information regarding their future teaching salary. With perfect information, turnover decisions would be based entirely on actual teaching salary next period given that he or she remains in the district: basepay j,t + 1,e + 1 . However, the data tells a different story. Teacher turnover appears unrelated to future teaching salary while it is negatively and strongly related to pay on the current salary schedule: basepay jte and basepay jt,e + 1 . The data therefore suggests that teachers make turnover decisions with scarce information regarding the future salary schedule.
This result is not surprising after a closer examination of how teachers are paid in Texas. First, Texas teacher salary schedules are not collectively bargained.
3 Rather, the salary schedule is determined primarily by the district superintendent and locally elected school board, and it must adhere to a statewide minimum salary schedule. 4 Second, in a typical district, next year's salary schedule is not approved by the board until late June, which is just prior to the July 1st start of the next fiscal year. 5 Given that complete information regarding the future salary schedule arrives after the school year has completed, and only 2 months prior to the start of the new school year, it is unsurprising that the empirical results show that teachers conduct and conclude their job search relying primarily on information contained in the current salary schedule. The alternative specification in column 5 of Table 3 is the baseline model estimated on the subsample of years before the 2006-07 school year. Starting in the 2006-07 school year, several districts in the sample began receiving state funding for performance pay programs as part of the Governor's Educator Excellence Grant (GEEG) program, the Texas Educator Excellence Grant (TEEG) program, and the District Awards for Teacher Excellence (DATE) program. Although this study focuses on base teacher salary, there is concern that districts participating in the performance pay programs may alter base salaries in ways that may impact the baseline model estimates. The motivation behind the specification in column 5 of Table 3 is to avoid confounding the baseline estimates with the emergence of performance pay programs by restricting the sample to the years prior to GEEG, TEEG, and DATE. The results show a larger combined effect for the years prior to the statesponsored performance pay programs: a 0.19 percentage point decrease in turnover for a 1% increase in the salary schedule versus a 0.16 -percentage point effect in the baseline model. This result suggests that the emergence of performance pay programs in 2007 did not significantly alter the impact of base pay on teacher turnover. If anything, performance pay programs appear to dampen the base pay effect.
In addition to the alternative specifications presented in district identifiers mattered by using the average pay in districts within a 100-mile radius as the outside pay measure. These models produced insignificant results and less precise estimators of the outside pay effects. I estimated models that use the mode rather than the median of teacher pay within an experience-year cell to measure the salary schedule. These models produced nearly identical results when one imposes additional restrictions to the sample. When the number of teachers in a district-year-experience cell is small, the nonexistence of a mode is troublesome, but when the sample is restricted to large districts, the results using the mode and median largely coincide. Appendix A Table 10 shows that the baseline results are not overly sensitive to either cell-size weights (number of teachers in a district-yearexperience cell) or district-year weights (number of teachers employed by the district in the given year). Finally, Appendix A Table 11 shows that the pay effects persist when the sample is restricted to only tenured teachers (teachers with three or more years of experience). The on-the-job search model presented above suggests that prior cells on a salary schedule do not causally affect current teacher turnover decisions. As such, prior pay cells cannot be related to current teacher turnover rates unless they are partially correlated with remaining time, experience, and district varying unobservables. If one assumes that prior cells on the salary schedule have a partial correlation with unobservables that is equal to the partial correlation between basepay jte and unobservables and basepay jt,e + 1 and unobservables, then the coefficients on prior salary cells provide a test for remaining endogeneity in the baseline estimates (Hendricks, 2013) . This test has been labeled a placebo test and is a special case of the proxy-based bounding procedure outlined in Hendricks (2013) . If the prior cells on the salary schedule (the placebos) have statistically significant impacts when added to the baseline model, then that suggests that the baseline model is subject to remaining bias.
Adding prior pay measures to the model may also provide an additional control for changes in teacher composition within a districtyear-experience cell.
6 If prior pay is low or high, it will affect prior turnover rates and potentially the composition of teachers who remain in the current year in that they may differ systematically in their current-year turnover propensity. As such, prior pay measures may influence turnover rates in the current period. Therefore, adding them to the model also provides a means to test and control for prior changes in the teacher pool.
In Table 4 , I add three prior pay measures to the baseline model: basepay jt,e-1 , basepay j,t-1,e , and basepay j,t-1,e-1 . When individually added to the baseline model (Table 4 , columns 1-3), each is statistically insignificant at conventional levels. When all three placebos are added to the baseline model, they are jointly and individually insignificant (Table 4 , column 4) and remain so when the model is estimated with district weights (Table 4 , column 5). These results suggest that the baseline estimates are not subject to bias from arbitrary omitted variables that are correlated with both current and prior teacher pay. Also, there is no evidence that the baseline model is biased by prior retention of a teacher pool that is more or less likely to turnover in the current period.
A few other potential sources of bias in the teacher pay estimates are worth mentioning. First, district pay schedules may be determined in part by anticipated experience-specific teacher turnover. For example, district officials may anticipate increased turnover among novice teachers in the future and respond by raising novice teacher pay. This type of reverse causality is not a major threat to the validity of the results presented here, because it likely biases the results toward finding a smaller relationship between teacher pay and turnover. Future salaries may be particularly prone to this bias since district officials may set future salaries in part based on current turnover rates. This could explain the null effect of future salaries in the alternative specifications reported in Table 3 .
In states where teacher salaries are collectively bargained, there is a potentially more serious threat to validity on the other side of teacher pay negotiations. Larger groups of teachers within an experience-year cell are likely more influential in salary negotiations. If these teachers are also more committed to the district and use their political influence to raise their own salaries, this could introduce a spurious negative relationship between teacher pay and turnover. However, as mentioned earlier, teacher salaries are not collectively bargained in Texas, and teachers typically do not play any role in the adoption of a new salary schedule. As a result, this type of endogenous salary determination is not likely to exist in Texas. Nevertheless, I test for this in Appendix A Table 12 by adding a covariate measuring the fraction of teachers employed in an experience-year cell relative to total employment in the district-year. The addition of this measure of political influence does little to change the baseline results, and the variable itself is statistically insignificant.
A final concern is that the median salary (within an experience cell) may not accurately measure the district salary schedule and may instead measure changes in teacher composition. For example, the 6 I thank an anonymous referee for this insight. Teacher turnover rate for teachers with a bachelor's degree and experience e in district titj during year t is the dependent variable. basepay jte is the natural log of teacher contract salary in district j for a teacher with a bachelor's degree and e years of experience in year t. basepay ote is the natural log of teacher contract salary in the district nearest to district j for a teacher with a bachelor's degree and e years of experience in year t. The combined effect is the sum of the coefficients on basepay jte and basepay jt,e + 1 . The row labeled F test on placebos reports the p-value from the joint test that all placebos (basepay jt,e-1 , basepay j,t-1,e , and basepay j,t-1,e-1 ) are insignificant. All models include district-by-year FEs, experience-by-year FEs, and experience-by-district FEs. The specification in column 5 is weighted by the number of teachers employed by the district in each year.
median within-experience teacher pay in a district may increase even if the district did not change its salary schedule. This can occur if most of the new teachers in the cell receive supplemental base pay for additional college credits, coaching, or other additional duties. These teachers may also be more attached to the district and less likely to turnover. This could cause a spurious correlation between pay and turnover by making it appear as though higher pay reduces turnover when in fact the negative observed relationship is instead a result of a change in teacher composition. The estimates in Appendix A Table 8 provide the opportunity to test for and mitigate this source of bias. Again, the table reestimates the baseline model with successive restrictions on the number of teachers within each experience-year. These restrictions reduce the sample size but increase the accuracy of measures of the district salary schedule. The estimates from the restricted samples confirm the main results already presented, although the point estimates are reduced slightly. It is not clear whether this reduction stems from the fact that pay effects are smaller in larger districts or from the elimination of bias caused by changes in teacher composition. In either case, the results suggest that bias caused by changes in teacher composition is too small to alter this study's main findings.
Overall, the best estimates of the average causal effect of teacher pay on turnover is -0.16 percentage points for a 1% increase in each cell on the salary schedule. At the mean (unweighted) turnover rate of 11.9, this estimate translates to an elasticity of -1.4. However, this is an average pay effect, which assumes that the impact of a change in teacher pay is homogeneous across teacher experience, subject taught, and gender. This may not be the case if teachers differ along these attributes in terms of outside opportunities, teacher-school match quality, or household production responsibilities. In the next two tables I reestimate the baseline model but allow the pay effects to vary across these teacher characteristics.
The estimates in Table 5 modify the baseline model in two ways to allow base pay to have marginal effects that vary with teacher experience. In models 1 and 2 of Table 5 , base pay is interacted with experience bins to allow for differing marginal effects by teacher experience without imposing a functional form on the effects. Model 1 presents results when 6 experience bins are used, and model 2 uses 10 experience bins. In both models, basepay jte , basepay jt,e + 1 and basepay ote are interacted with experience bin dummies. The combined effects reported in the table represent the sum of the coefficients on basepay jte and basepay jt,e + 1 within each experience bin. Model 3 allows the marginal effects of base pay to vary with experience by interacting basepay jte , basepay jt,e + 1 , and basepay ote with experience and experience squared. The combined effects in model 3 represent the sum of the coefficients on basepay jte and basepay jt,e + 1 in the level form and each interaction (basepay*exper and basepay*exper 2 ). Model 3 represents a more restrictive model in that it fits a functional form to the marginal effects, while models 1 and 2 estimate heterogeneous effects more flexibly but with potentially less precision.
The results in Table 5 suggest that a 1% increase in basepay jte and basepay j,t,e + 1 reduces turnover among teachers with 0-4 years of experience by about 0.24 percentage points (Table 5 , model 1 and model 2). The pay effect declines rapidly with experience thereafter. The effect among teachers with 6-7 years of experience is about 0.16 percentage points for a 1% increase in pay (Table 5 , model 2). For teachers with 8-11 years of experience the pay effect persists and is about 0.09 percentage points for a 1% increase in pay (Table 5 , model 1 and model 2). Among teachers with 12 or more years of experience, the pay effects are statistically indistinguishable from zero, although the coefficient estimates are still negative and converging to zero as experience increases.
Overall the results in models 1 and 2 suggest large pay effects on turnover for relatively new teachers. The pay effects dissipate with additional years of experience and disappear around 19 years of experience. The more restrictive but more precise estimates in model 3 largely confirm this result. Model 3 suggests that the pay effect for new teachers is about 0.25 percentage points for a 1% increase in pay, and the effect decreases by 0.013 percentage points for each additional year of experience. These results suggest that pay increases have no impact on turnover rates for teachers with more than 19 or 20 years of experience.
Since there are fewer teachers at higher experience levels, one may suspect that these results could be driven by larger measurement error in base pay for teachers with more experience. However, the results in Appendix A Table 9 suggest that is not the case. As the sample is restricted to larger districts, which again reduces noise in the base pay measures, the results are largely unchanged. Table 6 Turnover and teacher pay, heterogeneity by subject.
Math
Science Self-cont. English Other
Comb. effect −12.73** −17.87*** −14.48*** −21.20*** −17.18*** Turnover (%) 14.5 14.6 11.5 13.5 13.5 Elasticities −0.88 −1.23 −1.26 −1.57 −1.28 *** p b 0.01, ** p b 0.05, * p b 0.1. Standard errors are clustered at the district level. Results produced from a single regression. N = 131,885 district by year by experience by subject observations. Teacher turnover rates by experience e, district j, year t, and subject s is the dependent variable. The combined effect is the sum of the coefficients on basepay jte and basepay jt,e + 1 . All models include district-by-year FEs, experience-by-year FEs, experience-by-district FEs, subject by year FEs, subject by district FEs, and subject by experience FEs. Regression also includes base pay in nearest outside district interacted with subject. Number of observations is 52,800 in all models. Teacher turnover rate for teachers with a bachelor's degree and experience e in district j during year t is the dependent variable. All models include district-by-year FEs, experience-by-year FEs, and experience-bydistrict FEs. Models 1 and 2 are the baseline model with basepay jte , basepay jt,e + 1 and basepay ote interacted with experience bin dummies. The combined effect is the sum of the coefficients on basepay jte and basepay jt,e + 1 for each experience bin interaction.
The 1st column of model 3 is the baseline model but adds the following interactions: basepay jte *experience, basepay jt,e + 1 *experience, and basepay ote *experience. The 2nd column of model 3 adds interactions with experience squared. The combined effects in model 3 are the sums the coefficients on basepay jte and basepay jt,e + 1 for the levels and the interactions with experience and experience squared.
In terms of elasticities, the pattern of diminishing marginal effects of base pay is similar. Elasticities are largest (in absolute value) for less experienced teachers, around -1.3 to -1.4, and they increase slightly in the first few years. After 7-8 years of experience, elasticities decline rapidly and converge to zero at around 19-20 years of experience. These results suggest that not only are pay effects larger in absolute terms for less experienced teachers, but they are also larger in relative terms.
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With regard to the impact of outside district pay, only teachers with 3-5 years of experience show a statistically significant response. In model 1, the coefficient on outside pay for teachers with 3-5 years of experience is 7.88, which is significant at the 5% level. Also, in model 2, the coefficient on outside pay for teachers with 4-5 years of experience is 8.22 and is significant at the 10% level. All other outside pay coefficients are insignificant in both models. The results imply that a 1% increase in pay in the nearest outside district would increase turnover in the incumbent district by about 0.08 percentage points among teachers with 3-5 years of experience. This result is interesting in that it suggests that teachers who have recently gained tenured status 8 are more apt to transfer to a higher paying outside district than are other teachers. This may imply that some teachers stay in their current district so that they may gain tenure status, and once that status is gained, they look to switch to higher-paying districts. Why are less experienced teachers more responsive to changes in pay? Prior research offers a few explanations. The quality of the teacher-school match may be higher for more experienced teachers (Jackson, 2010) . Therefore, more experienced teachers may be reluctant to break a quality match regardless of the pay they receive. Pay for more experienced teachers may be high relative to the distribution of outside offers so that few experienced teachers are likely to conduct a search.
Raising their pay will therefore do little to alter their search behavior and turnover propensity. Experienced teachers may be less inclined to search based on a longer history of unsuccessful search outcomes. Alternatively, more experienced teachers may have remained in teaching longer because they enjoy the nonpecuniary aspects of the job and would remain committed regardless of pay. Finally, because of the back-loaded nature of teacher retirement plans, the cost of turnover in terms of lost retirement benefits is higher for more experienced teachers (Costrell and Podgursky, 2010; Costrell and Podgursky, 2009) . Table 6 presents estimates of the baseline model but allows the base pay effects to vary by the teacher's subject taught. The sample used in the regression contains 131,885 district-by-year-by-experience-bysubject observations. This is a subsample of what was used to estimate the baseline model, which includes 52,800 district-by-yearby-experience observations. The sample used in Table 6 is restricted to the 26,377 district-by-year-by-experience observations for which there is at least one teacher employed in each of the 5 subject categories (so that the turnover rate is observed). Therefore, the sample contains 26,377 district-by-year-by-experience observations across 5 subject categories. In Table 6 , I present the combined effects of basepay jte and basepay jt,e + 1 interacted with a subject dummy. Also, the model includes base pay in the nearest outside district interacted with subject dummies, and district-by-year FEs, experience-by-year FEs, experienceby-district FEs, subject by year FEs, subject by district FEs, and subject by experience FEs.
The results suggest fairly uniform effects of base pay changes across subjects. Teachers in all subjects respond to base pay increases, and the effects are about the same as we observe on average. A 1% increase in pay results in about a 0.16 percentage point decrease in turnover. None of the effects across subject are statistically distinguishable from the others at conventional significance levels. Also, although the average turnover rates vary across subjects (last row of Table 6 ), the elasticity of the pay effect is relatively stable at around -1.3. The estimated elasticity for math teachers is lower, but again the effects are not statistically different across subjects. Table 7 presents estimates of the baseline model but allows the base pay effects to vary by gender. The sample used in column 1 contains 94,688 district-by-year-by-experience-by-gender observations and is restricted to the district-by-year-by-experience observations for which there is at least one teacher employed from each gender. The sample used in column 2 is more restrictive in that it is limited to the 31 districts that employ both male and female teachers in all experience-year cells (years 1996-2011 and experience 0-20) . The table reports interactions between base pay (in the current and outside district) and gender dummies and combined effects by gender. Also, the model includes district-by-year, experience-by-year, 7 This result is contrary to what was reported in Clotfelter 2008 , but this may be a result of their differing research design. They suggest that the larger relative effects they find for more experienced teachers may be driven by the fact that the within district bonuses may be effective in reducing within district turnover of more experienced teachers but less effective in reducing the incentive to leave teaching altogether, which is a relatively popular choice for less experienced teachers. 8 In Texas, teachers earn tenure after their third year of teaching: Texas Education Code 21.102. experience-by-district, gender-by-year, gender-by-district, and gender-by-experience fixed-effects.
The point estimates in Table 7 suggest that men are slightly more responsive to pay increases relative to women. For a 1% increase in the salary schedule male turnover rates decrease by 0.17 to 0.19 percentage points versus 0.16 to 0.18 percentage points for women. However, this difference is not statistically significant. Also, given that male turnover rates are higher in each sample (14.22 vs. 11.92 in column 1 and 10.98 vs. 10.42 in column 2), the relative impacts of pay across gender appear to be uniform. Using these mean turnover rates, male and female turnover elasticities are comparable around -1.5 in each sample. Overall, these results suggest that while men are slightly more likely to turnover in a given period, they are not measurably more responsive to changes in pay.
Implications for student achievement and policy
In terms of policy, the results presented here suggest that subject specific base pay changes are not likely to perform better in terms of reducing turnover rates relative to broader base pay changes that apply to teachers of all subject areas. However, the results imply that base pay increases that are targeted to less experienced teachers would be more cost effective in reducing turnover than general pay increases. Also, a flat salary schedule in which teachers make the same salary regardless of experience would perform better in terms of retaining teachers than the typical salary schedule which awards pay increases for each year of experience. Below, I discuss the implications for student achievement growth if districts were to shift their salary schedule through base pay increases, adopt a flatter schedule, or do both.
Before I can link teacher pay to student achievement, I first provide a brief summary of what we know about the relationship between teacher experience and student achievement. There is a large amount of literature and consensus on this topic. The evidence suggests that teachers improve with experience, in terms of their value-added to student performance on standardized exams. Fig. 4 shows the relationship between teacher experience and student achievement gains on standardized exams reported in three studies: (Harris and Sass 2011; Papay & Kraft 2011 , Rockoff, 2004 . For each profile, Fig. 4 indicates the grade levels and subject area for which the profile was estimated.
The vertical axis reports the difference in average student gains on exams for a teacher with experience reported on the horizontal axis relative to what those students would be expected to gain had they been assigned to a first-year teacher. The differences are reported in terms of standard deviations. Each study reveals a similar experienceproductivity profile. Teacher performance improves dramatically in the first 4 years of teaching and then levels off in subsequent years. The average of these profiles is illustrated in Fig. 5 . The average profile suggests that a student assigned to an experienced teacher (4+ years of experience) gains, on average, 0.08 standard deviations more over the school year than she would gain had she been assigned to a new teacher.
It is important to note that these studies estimate within-teacher productivity profiles, in that they show the expected productivity gains of an individual teacher over her career. This is important because the productivity growth illustrated in Figs. 4 and 5 is not a result of correlation between fixed teacher quality and experience, since their models include teacher fixed-effects. Therefore the profile is not simply the result of attrition by less able teachers, but rather average productivity gains by the typical teacher.
One concern for bias in these profiles, however, is that the sample is not a random draw of all teachers. These profiles are identified using teachers that have more than one productivity (value added) observation, and as such the sample is restricted to teachers who continue to teach for more than 1 year. In the context of this study, we want to know the productivity profile for all teachers, which could be different than the profile for teachers who remain in the district for at least 2 years, shown in Figs. 4 and 5. Papay & Kraft (2011) test this possible source of bias by comparing initial growth rates of teachers who remain in the district to teachers who eventually leave. They find no evidence that teachers who stay have differing growth trajectories than teachers who leave. This suggests that if we were to retain these teachers through higher pay, they would improve in productivity over their career in a manner similar to what is illustrated in Figs. 4 and 5. By combining this average profile with the experience-specific marginal effects of base pay on turnover provided in Table 5 (model 3 in column 1), I am able to simulate the impact of alternative salary schedules on student performance.
To give the simulation traction, I assume that the distribution of teachers in Table 1 represents the steady-state distribution of a representative district over the sample period. As such, I assume that the original turnover rates (absent a policy change) for each experience cell are given in Table 1 . I also assume that the district size remains constant for all time periods, so that the district employs 770 teachers in each period. When teachers leave the district, I assume that they are replaced with random draws from the distribution of new hires illustrated in Fig. 6 . This distribution follows from the turnover rates and teacher distribution shown in Table 1 and the steady-state assumption. Fig. 6 shows the distribution of experience among teachers who leave the district in a given period and the new teachers who replace them. From the distributions shown one can see that when a teacher leaves the district, the average teacher hired to replace her is likely to be less experienced. In fact, the distributions suggest that the average teacher who leaves the district has 6.2 years of experience and is replaced by a teacher with, on average, 1.8 years of experience. In terms of productivity, this suggests that each time a teacher is lost to turnover, on average, each student that will be taught by her replacement will gain 0.015 standard deviations less in achievement over the school year relative to what he or she would have gained had the incumbent teacher been retained. Given this benefit of retention, I examine four pay policies that may influence retention and student achievement: maintaining the original salary schedule given in Table 1 , awarding a 5% salary increase so that each cell on the schedule is increased by 5%, adopting a flat salary schedule that has the same total payroll next period as the original schedule, and combining the 5% pay increase with a flat schedule. The total payroll in the policy that combines the flat schedule and 5% increase is the same as the schedule with the 5% pay increase. Fig. 7 shows each of the four salary schedules examined in the simulation.
Using the estimated marginal effects of pay on turnover rates shown in Table 5 , model 3, I simulate the effects of these salary schedules on student achievement growth. Throughout the simulation, I assume that the distribution of new hires does not change with the salary schedule. By doing so, I focus on the retention effects of a salary schedule change and ignore any selection effects. A salary increase (an upward shift in the salary schedule) likely improves the distribution of new district hires by attracting more experienced teachers to the district and potentially attracting teachers with a higher fixed ability. Since I ignore these potential benefits in the simulation, these results can be viewed as lower bounds. I leave a thorough investigation of these potential selection effects to future research. Fig. 8 illustrates the effect of each policy on average teacher valueadded over a 30 year period. If the district maintains its original salary schedule, then the distribution of teachers in the district does not change and teacher productivity remains constant. With this policy, relative teacher value-added is 0.067, which implies that the average teacher in the district adds 0.067 standard deviations more to student achievement than a first-year teacher. Paying teachers more does have a payoff, although the effects are small. A 5% increase in the salary schedule improves average teacher value-added by 0.0005 standard deviations within 3 years and 0.0007 within 10 years. This additional productivity is roughly equivalent to what the average teacher gains annually in value-added between her fifth and seventh year of experience.
Adopting a flatter salary schedule also improves teacher productivity slightly, and by extension student performance. By combining a 5% salary increase with a flat schedule, the district further increases average teacher value-added. This simulation suggests that there is a payoff in terms of retention effects if the district pays teachers more. There also may be a payoff for adopting a flat salary schedule, although there is a risk that the flat schedule would have a negative impact on the distribution of new district hires, in that they would be less experienced on average. There is also a risk that a flat schedule would reduce teacher morale and effort, particularly among veteran teachers. If this occurs, the positive retention effects of adopting a flat schedule could be erased.
The overall impact of increasing the salary schedule, although shown to be positive here, is likely to be larger than the simulation suggests. This simulation captures only retention effects of a pay increase. In addition to retaining more experienced teachers, a pay increase is likely to improve the distribution of new teacher hires (a selection effect), improve teacher morale and, by extension, potentially increase teacher productivity. Also, raising teacher pay reduces teacher turnover, which has been shown to have positive effects on student achievement beyond its impact on teacher experience (Ronfeldt et al., 2013) .
Conclusion
This study shows five major results. First, it provides robust evidence that an increase in base teacher pay reduces teacher turnover. The overall elasticity is about -1.4. Second, the pay effect is largest for less experienced teachers, decreases with experience, and disappears once a teacher reaches about 19 years of experience. Third, the teacher pay effect does not vary substantially across the teacher's subject taught or gender. Fourth, by increasing teacher pay, districts will likely see an improvement in student performance because the average experience of teachers will increase. Finally, a flat salary schedule performs well in terms of retaining a more productive distribution of teachers. If a flat schedule does not alter the distribution of new teacher hires and does not influence the effort choices of veteran teachers, then adopting a flat schedule may be a cheap way to improve student achievement.
This study focuses on the retention effects of teacher pay policies. To better understand the overall impact of teacher pay on student achievement, researchers should attempt to estimate the effect of teacher pay on teacher selection and effort. It is likely that higher pay will also improve student performance through these mechanisms, but evidence on this is scarce. A better understanding of these mechanisms will also help us predict the overall effects of adopting a flat salary schedule which, based on retention effects alone, appears to be an effective policy. *** p b 0.01, ** p b 0.05, * p b 0.1. Teacher turnover rate for teachers with a bachelor's degree and experience e in district j during year t is the dependent variable. All models include district-by-year FEs, experience-by-year FEs, and experience-by-district FEs. Estimates are from the baseline model with basepay jte , basepay jt,e + 1 and basepay ote interacted with experience bin dummies. The results shown are the sum of the coefficients on basepay jte and basepay jt,e + 1 for each experience bin interaction. Each column represents a stronger sample restriction on the minimum number of teachers employed within a district-yearexperience cell.
Table 10
Sensitivity of baseline results to weights.
(1) Teacher turnover rate for teachers with a bachelor's degree and experience e in district j during year t is the dependent variable. basepay jte is the natural log of teacher contract salary in district j for a teacher with a bachelor's degree and e years of experience in year t, basepay jte,e + 1 is the natural log of teacher contract salary in district j for a teacher with a bachelor's degree and e + 1 years of experience in year t, basepay ote is the natural log of teacher contract salary in the district nearest to district j for a teacher with a bachelor's degree and e years of experience in year t. All models include 52,800 district-byyear-by experience observations: 165 districts, 16 years (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) , and 20 experience levels (0-19). The combined effect is the sum of the coefficients on basepay jte and basepay jt,e + 1 . All models include district-by-year FEs, experience-by-year FEs, and experience-by-district FEs. Teacher turnover rate for teachers with a bachelor's degree and experience e in district j during year t is the dependent variable. basepay jte is the natural log of teacher contract salary in district j for a teacher with a bachelor's degree and e years of experience in year t,basepay jt,e + 1 is the natural log of teacher contract salary in district j for a teacher with a bachelor's degree and e + 1 years of experience in year t, basepay ote is the natural log of teacher contract salary in the district nearest to district j for a teacher with a bachelor's degree and e years of experience in year t. The combined effect is the sum of the coefficients on basepay jte and basepay jt,e + 1 . All models include district-by-year FEs, experience-by-year FEs, and experience-by-district FEs.
Table 12
Sensitivity of baseline results to measure of political influence.
(1) Teacher turnover rate for teachers with a bachelor's degree and experience e in district j during year t is the dependent variable. basepay jte is the natural log of teacher contract salary in district j for a teacher with a bachelor's degree and e years of experience in year t,basepay jt,e + 1 is the natural log of teacher contract salary in district j for a teacher with a bachelor's degree and e + 1 years of experience in year t, basepay ote is the natural log of teacher contract salary in the district nearest to district j for a teacher with a bachelor's degree and e years of experience in year t. The combined effect is the sum of the coefficients on basepay jte and basepay jt,e + 1 . All models include district-by-year FEs, experience-by-year FEs, and experience-by-district FEs.
Appendix A
